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a  b  s  t  r  a  c  t
We  present  the  first comprehensive  description  of  how  shipments  of  cattle  connect  the
geographic  extent  and production  diversity  of the United  States  cattle  industry.  We  built  a
network  of  cattle  movement  from  a state-stratified  10%  systematic  sample  of calendar  year
2009  Interstate  Certificates  of Veterinary  Inspection  (ICVI)  data.  ICVIs  are required  to certify
the apparent  health  of  cattle  moving  across  state  borders  and  allow  us to  examine  cattle
movements  at  the  county  scale.  The  majority  of  the  ICVI  sample  consisted  of small  ship-
ments (<20  head)  moved  for feeding  and  beef  production.  Geographically,  the  central  plains
states  had  the  most  connections,  correlated  to feeding  infrastructure.  The  entire  nation  was
closely  connected  when  interstate  movements  were  summarized  at  the  state  level.  At the
county-level,  the  U.S.  is  still  well  connected  geographically,  but  significant  heterogeneities
in the  location  and  identity  of  counties  central  to the network  emerge.  Overall,  the  network
of interstate  movements  is  described  by  a  hub  structure,  with  a few  counties  sending  or
receiving  extremely  large  numbers  of  shipments  and  many  counties  sending  and  receiv-
ing few  shipments.  The  county-level  network  also has  a very  low  proportion  of reciprocal
movements,  indicating  that  high-order  network  properties  may  be  better  at describing  a
county’s  importance  than  simple  summaries  of  the  number  of  shipments  or  animals  sent
and received.  We  suggest  that  summarizing  cattle  movements  at the  state  level  homoge-
nizes  the  network  and  a county  level  approach  is most  appropriate  for  examining  processes
influenced  by  cattle  shipments,  such  as  economic  analyses  and  disease  outbreaks.
Published by Elsevier B.V.
1. Introduction
The most widespread data available for tracing large-
scale cattle movements in the United States is the Interstate
Certificate of Veterinary Inspection (ICVI), although ICVIs
are not designed for this purpose. Specifically, when cattle
shipments cross state lines, destination states require
∗ Corresponding author at: 2150 Centre Avenue, Building B, Fort Collins,
CO  80526, USA. Tel.: +1 970 494 7001; fax: +1 970 491 7269.
E-mail address: Daniel.A.Grear@aphis.usda.gov (D.A. Grear).
1 Present address: Department of Ecology and Evolutionary Biology,
University of California – Los Angeles, Los Angeles, CA, USA.
that most shipments must be accompanied by an ICVI,
certifying that an accredited veterinarian has inspected the
animals prior to shipment and they are apparently healthy
with no signs of communicable diseases and that testing
requirements for the destination state are met; cattle going
to slaughter are a notable exception in some states. ICVIs
list the origin and destination address for the shipment
providing a useful source of data on interstate cattle move-
ments. In addition to verifying destination state health
requirements are met, ICVIs are the most complete source
of national-level movement data. Unfortunately, the use
of the ICVI system is limited by storage as paper records,
incomplete data fields, and inability to rapidly retrieve the
data which limit the ability to use these records for large
0167-5877/$ – see front matter. Published by Elsevier B.V.
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scale purposes. Although electronic systems are available
for entering data on ICVIs, these systems are limited in
scope and highly biased (Portacci et al., 2013).
Previous attempts to capture a snapshot of nation-wide
cattle movements have tried to circumvent the accessi-
bility issues associated with paper copies of ICVIs and
focused on summary information obtained from ICVIs at
the state level (Shields and Mathews, 2003). Some states
keep track of which states they send and receive cattle from
enabling coarse grained models and predictions of cattle
movement at the state scale (Shields and Mathews, 2003),
although these models are inadequate to capture spatial
heterogeneities in cattle shipment patterns that arise at
finer resolutions. Unfortunately, this summary information
is also incomplete, with less than half of states main-
taining summaries about interstate shipping partners, and
provides no information on characteristics of individual
shipments that could enhance understanding and inter-
pretation of U.S. cattle movement patterns (Forde et al.,
1998).
Other attempts to characterize cattle movement in the
U.S. have avoided ICVIs entirely. Particularly, data on ship-
ments of animals for feeding have been compiled to identify
geographic areas serviced by cattle markets, although these
data are limited to shipments from a single video auc-
tion and makes no attempt to develop a comprehensive
description of national cattle movements (Bailey et al.,
1995). Additionally, a study focused on movements from
a limited number of counties in California was done by
asking farmers directly about their direct and indirect
contacts with other cattle facilities, and while the data
are illuminating at a local scale, the cost and effort of
expanding to a national scale characterization are immense
(Bates et al., 2001). Another effort to characterize U.S. cat-
tle movements at finer resolutions (i.e., premises level)
has relied almost exclusively on models developed from
expert opinion on shipment patterns at highly-local scales
(Liu et al., 2012). Without comprehensive movement data
to base these models on, management decisions must
rely on predictions based on large amounts of unquantifi-
able uncertainty and unverified assumptions. Based on the
limitations of other attempts at characterizing U.S. cattle
movements, ICVI data may  provide a better understand-
ing of the movement within the U.S. cattle industry as a
whole.
The value of ICVIs in characterizing cattle movement
through the development of a network approach has not
been thoroughly explored. Network models have been suc-
cessful in describing cattle and sheep movements in other
countries (Webb, 2005; Bigras-Poulin et al., 2006; Kiss et al.,
2006; Robinson and Christley, 2007; Brennan et al., 2008;
Natale et al., 2009; Vernon and Keeling, 2009; Volkova et al.,
2010; Bajardi et al., 2011) and are likely to be helpful in
characterizing animal movement in the United States. Also,
using networks for post hoc analysis has proven useful in
identifying determinants of disease spread and the impor-
tance of animal movements in disease outbreaks, most
notably the 2001 outbreak of Foot-and-Mouth disease in
the United Kingdom (Green et al., 2006; Ortiz-Pelaez et al.,
2006; Kao et al., 2006). However, integrating movement
data into disease spread models should not be limited to
after-the-fact analysis but should also be used to develop
predictions of risk based on animal movements. Predictions
derived from these types of animal movement and disease
simulation models can then be used to efficiently struc-
ture limited surveillance resources as well as determine
the economic consequences of disease control strategies
during an outbreak (Kao et al., 2007; Velthuis and Mourits,
2007). In addition, economic analyses of cattle shipment
patterns can increase efficiency of the U.S. cattle industry
as a whole through an understanding of market interac-
tions (Bailey et al., 1995) and livestock hauling behavior
and limitations (Hoffman et al., 1975).
In this study, we  use ICVIs to characterize cattle ship-
ments and to build network models that provide the first
comprehensive quantitative characterization of interstate
national cattle movement in the U.S. This demonstrates the
utility of an ICVI beyond tracing individual animals and
ensuring destination state health requirements are met.
We note that ICVIs are limited to shipments that travel
interstate and, thus, ICVI based inference about the cat-
tle movement in the U.S. is also restricted to interstate
cattle transport patterns. However, we evaluate the robust-
ness of the ICVI-based networks using several independent
data sources to identify any potential systematic bias that
may  be introduced by sampling interstate data. In addi-
tion, attributes derived from the cattle movement network
can then be tied to the underlying infrastructure of the
cattle industry to help guide national scale strategies on
disease risk prevention, surveillance, and control, as well
as economic analyses.
2. Methods
2.1. Data collection
Because ICVIs are maintained by both the destination
and origin states, we  requested that all states send a 10%
sample (either photocopies or scans) of their calendar year
2009 cattle ICVIs for cattle shipments originating in the
state by taking a systematic sample of every tenth cat-
tle ICVI. This enabled us to obtain estimates of the total
number of ICVIs for 2009 and avoid potential temporal and
spatial biases that could arise by sampling the first 10% of
records. We requested ICVI records from 2009 because it
was the most recent complete year at the time of request.
We specifically requested origin ICVIs to avoid duplication
in the data due to copies of an ICVI being sent to both the
destination and origin state veterinarian’s office. Although
destination ICVIs may  have been more accurate due to a
state’s increased vigilance over cattle entering rather than
leaving their state, certificates sent to destination states are
often accompanied by numerous other forms (test results,
etc.) increasing the potential burden on states to sort and
ship 2009 cattle ICVIs.
We obtained ICVIs from 48 states, with the exceptions
being New Jersey (did not participate) and Alaska (no ICVIs
to report). In general, we obtained a 10% systematic sample
of 2009 ICVIs from the shipment origin states, but modifi-
cations to this sampling design were implemented in three
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Table 1
Number of Interstate Certificates of Veterinary Inspection shipments by
farm type and production types determined by the decision tree analysis
(Appendix C).
Shipment purpose
Feeding Breeding Unknown Proportion
Production type
Beef 3970 1977 2681 0.435
Dairy 343 2308 41 0.136
Unknown 5401 666 983 0.356
Proportion 0.490 0.250 0.187 0.927a
a 1447 (7.3%) of shipments were classified as show/exhibition.
states to accommodate time and budget constraints (see
Appendix A).
2.2. Data entry
A database was constructed to capture the data from
the paper ICVIs, The database included: origin and destina-
tion address; dates the animals were inspected, shipped,
and the ICVI received at the state veterinarian’s office; the
purpose of the shipment; whether the shipment was beef
or dairy cattle; the number of animals; and the breeds, age,
and gender distributions of the cattle in the shipment. All
entered data was verified by individuals not responsible for
original entry with random spot checks by a third person
to ensure consistent accuracy of data entry and verifica-
tion. All address data was converted to latitude/longitude
coordinates using standard geocoding methodology. Data
accuracy was confirmed during this process with only 0.9%
of origin locations and 1.9% of destination locations fail-
ing to be assigned coordinates at least to the county-level.
Subsequent data cleaning limited this number to 2 origin
and 3 destination addresses that were removed. The final
database contained 19,817 shipment records.
2.3. Production type classification
To see how well the sample matched standing cat-
tle populations across the industry, each shipment was
classified into a production type (e.g., show/exhibition,
beef-feeding, beef-breeding, dairy-feeding, etc.). We  devel-
oped a decision tree based on shipment details to classify
shipments, which was subsequently confirmed by a classi-
fication tree analysis (Breiman et al., 1984; see Appendix
C). Because beef and dairy shipments and feeding and
breeding type shipments needed to be separated, the clas-
sification included available data on production type given
on the ICVI directly as well as information on breed, pur-
pose, age, and sex; for a fuller description of the shipment
types see Table 1 and Appendix B.
2.4. Network models
Network models consist of a set of nodes that define
the individual units of study and edges that describe
the interactions between nodes (Dube et al., 2009). For
our network models, we defined nodes at two  scales.
First, premises were aggregated to the county scale, a
scale which is already used by the National Agricultural
Statistics Service for reporting national agricultural census
data (3109 potential nodes in the conterminous U.S.; USDA,
2007). Data on individual identity and characteristics
of individual premises are not available in the U.S., and
detailed data on the origin and destination premises (i.e.,
beef farm, market/abattoir, feedlot, etc.) are not required
on the ICVIs. Therefore, it was not appropriate to per-
form any analyses or make any inferences about shipment
characteristics to scales smaller than the county. Sec-
ond, premises were aggregated to the state-level in the
continental U.S. (48 nodes). Due to concerns over hetero-
geneities in state and county size across the US and their
potential effect on network structure (Flowerdew et al.,
2008), we  also approximated a state and county network
using equally-sized geographic areas as nodes. We did
this by aggregating shipment locations to arbitrary regu-
lar 500 and 50 km grids generating 46 and 2350 nodes,
respectively. Directed edges were defined by the shipments
between nodes and assigned weights based on the number
of shipments. Where indicated, the number of cattle over
all the shipments between nodes was used as an alternative
edge weight.
For the observed network, we calculated six metrics to
describe the overall structure of the sample of interstate
movements including:
(1) Diameter – a measure of network size that describes
the maximum number of steps in the shortest path
between any two nodes (i.e., the longest, shortest path
length).
(2) Reciprocity – the proportion of edges for which there
is another edge in the opposite direction (i.e., node i to
j and node j to i).
(3) Transitivity – the probability that any two  neighbors
of a node (i.e., connected by an edge) are connected
themselves (also known as the clustering coefficient).
(4) Degree assortativity – the correlation between ship-
ment activity and the network degree of the nodes at
the ends of each edge (i.e., the sum of a node’s in and
out shipments). This characterizes whether high activ-
ity nodes in the network generally interact with other
high activity nodes (i.e., values close to one) or low
activity nodes (i.e., values close to negative one).
(5) Giant strongly connected component (GSCC) – the
GSCC describes the largest set of nodes for which there
are bi-directional paths between any two nodes in the
set.
(6) Giant weakly connected component (GWCC) – the
GWCC describes the largest set of nodes for which all
nodes are accessible to each other regardless of the
direction of the edges between them.
We also calculated four metrics specific to a node to
measure its centrality to the observed network. These
included:
(1) In-degree – the number of shipments into a node.
(2) Out-degree – the number of shipments from a node.
(3) Betweenness – the number of shortest paths between
any two nodes that go through the node in question.
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(4) Closeness – the inverse of the number of steps required
to reach every other node from a given node.
We  calculated the network statistics using the igraph
package (Csardi and Nepusz, 2006) for R statistical software
(R Development Core Team, 2012).
2.5. Comparison with NASS data
We  assessed the relationships between observed inter-
state shipment network patterns and the underlying
infrastructure of the US cattle industry by using the 2007
NASS agricultural census as the quantitative benchmark of
the U.S. cattle industry. To compare the network metrics
with underlying infrastructure in the U.S. cattle industry,
we calculated Pearson’s correlations between our net-
work node (county) metrics and county-level summaries
of U.S. farm distributions. We  use “farm” as a general term
for any type of premises where cattle are traded as a
commodity according to the USDA National Agricultural
Statistics Service (NASS) definition: any establishment
from which $1000 or more of agricultural products were
sold or would normally be sold during the year (USDA,
2007).
We  evaluated how well an approximation of the num-
ber of individual farms per county, identified by unique
addresses, as destination and origin, in the ICVI sam-
ple matched the distribution of cattle farms per county
according to the 2007 NASS agricultural census. To iden-
tify a proxy for the number of individual farms in the
ICVI data, we considered each unique latitude–longitude
location according to the addresses listed on the ICVIs
to be a unique farm. We  recognize several sources of
error that lead to under or over counting farms using
the address information including missing, illegible, or
unusable (i.e., post office box) address information on the
ICVI forms; errors in transcription of addresses into the
database; and multiplicities in names and addresses for
farms (Portacci et al., 2013). Therefore, we consider the
number of unique addresses per county from the ICVI
data to be a proxy for the true number of farms identified
through the sampling of shipments and limit the inference
of our analyses to evaluating the relative frequency of farms
per county.
We  evaluated how the distribution of farms per county,
obtained from the 10% sample of ICVIs represented the
2007 NASS farm census using a generalized linear regres-
sion model with quasipoisson errors and a log-link function
for the response. We  used the ICVI farm proxy from each
county i as the response variable (cvi
i
) with the NASS
census farm count as an explanatory variable, (NASSi).
However, given the interstate nature of the data, we were
concerned with the effect of bias in sampling along the state
borders (i.e., these farms are more likely to ship across state
lines due to their proximity). Thus, we also included an indi-
cator variable of whether or not a county was adjacent to
an interstate border (borderi) and a factor for the effect of
the state, j, the county is in (statej). Because we  consid-
ered these main effects and their interactions, we used the
model:
ln(cvii ) = ˇ0 + ˇ1NASSi + ˇ2,jstatej + ˇ3borderi
+ ˇ(1,2),jNASSi ∗ statej + ˇ(1,3)NASSi ∗ borderi
+ ˇ(2,3),jstatej ∗ borderi + ˇ(1,2,3),jNASSi ∗ statej ∗ borderi
+εi
where εi is the quasipoisson distributed random error
associated with county i. We  selected a best model with
drop-in-deviance 2 tests starting with the full interaction
model and sequentially removing the interaction terms and
then the main effect terms if the drop-in-deviance test was
not significant (p > 0.05). From the model with minimum
deviance, we evaluated ˇ1 to determine if and what was
the relationship between the ICVI farm count proxy per
county in the NASS census; ˇ2,j to evaluate how the average
ICVI farm count proxy varied by state, ˇ3 to evaluate if the
count of farms in the ICVIs were greater in counties border-
ing a state line; ˇ(1,2),j to determine how the relationship
between the ICVI farm count proxy per county in the NASS
census varied across states; ˇ(1,3) to determine if there was
a general state border bias in the sampling; ˇ(2,3),j to deter-
mine if a border sampling effect was  constant across states;
and ˇ(1,2,3),j to determine if a border sampling bias varied
by state.
We also examined the relationship between the node-
level (county) network metrics, in-degree, out-degree,
betweenness, and closeness with the number of farms, cat-
tle inventory, density of farms per km2, and density of
animals per km2 obtained from the 2007 NASS census. For
each cattle infrastructure metric, we  calculated correla-
tions for the total per county, the operations with cattle
on feed, and the operations with cows that calved. Some
county-level NASS cattle inventory data are withheld to
protect privacy and any counties with withheld data were
omitted for this analysis.
3. Results
3.1. Shipment characteristics
Interstate shipments of cattle not going to slaughter
in the U.S. were primarily small shipments consisting
of less than 10 animals (Fig. 1). These shipments were
dominated by animals going to feed (45.1%), although
breeding (17.1%), sale (11.4%), and show (6.8%) move-
ments were also represented (Appendix B, Fig. B1). The
ICVI sample contained both local and long distance cattle
movements, including rare extreme long-distance move-
ments (>3000 km;  Appendix B, Fig. B2). There were no
apparent differences in the distributions of movement dis-
tances by shipment type (Fig. B3). As expected with the
large number of feeding shipments, most animals being
shipped in the U.S. are young castrated males (<2 years old;
Fig. 2). Information on production type was limited on the
ICVIs with only 23.9% and 2.7% of shipments identified as
beef and dairy respectively. Incorporating information on
breed, purpose, age, and sex in the decision tree frame-
work (Appendix C) increased our ability to categorize
shipments by production type identifying 43.5% and 13.64%
of movements as beef and dairy, respectively (Table 1), with
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Fig. 1. Histogram of US cattle ICVI shipment sizes. The tail of the shipment size distribution drops off sharply after shipment sizes of 300, although the
largest shipment was 6200 cattle. The shipments in the 0–100 size class are dominated by shipments of size 0–10 (inset).
Fig. 2. Number of cattle being shipped in various (A) age classes and (B)
gender classes. Gender is further broken in castrated male and females
(light gray) and intact male and females (dark gray).
show/exhibition/rodeo shipments accounting for 7.3% of
the shipments.
3.2. Network metrics
The network metrics for all cattle for both the county
and 50 km grid scales were similar (Table 2). In particu-
lar, it took a maximum 12 movements to get across either
network (network diameter). The low reciprocity in these
networks indicated that return shipments among counties
are rare. Also, the US cattle industry showed low clustering
in general with low transitivity in both networks indicating
few connections between any two neighbors. The networks
tended to be mildly assortative with high degree nodes
(whether in- or out-degree) shipping more often to other
high degree nodes. However, when edges were weighted
by the number of cattle being shipped, the assortativity
in both networks became slightly negative indicating no
real preferential interaction between nodes that ship a
high volume of cattle. Despite this, the networks in gen-
eral were relatively well connected with 64.0% and 66.5% of
nodes in the county and 50 km grid networks, respectively,
belonging to the GSCC (for county scale see Fig. 3). When
direction is not considered, both networks were essentially
one component with the GWCC encompassing over 99% of
the network at both scales (for county scale see Fig. 3).
The state and 500 km grid networks were also similar
(Table 2). In contrast to the county and 50 km grid scales,
however, the state and 500 km grid networks were much
smaller requiring only 3 steps to traverse the network.
These coarse-grained networks also show a large amount
of association between neighbors with high transitivity
indicating clustering and over one-third of edges in the net-
work being bi-directional. Neighbors at this scale also tend
to behave similarly in terms of shipment activity as evi-
denced by the high assortativity, although this relationship
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Table 2
Network metric describing the connectivity of the U.S. cattle industry at two  spatial scales, county and state, as well as lattice-based approximations to
these  network nodes (i.e., 50 km and 500 km grids).
County 50 km Grid State 500 km Grid
Number of nodes 2436 2354 48 46
Diameter 12 12 3 3
Reciprocity 0.0282 0.0249 0.3455 0.3173
Transitivity 0.0530 0.0550 0.7687 0.7369
Assortativity 0.2021 0.1534 0.6417 0.6666
Weighted Assortativity −0.0792 −0.0576 −0.1701 0.1222
Size  of GSCCa 1559 1566 47 46
Size  of GWCCb 2422 2346 48 46
a Giant strongly connected component: the largest set of nodes for which there are bi-directional paths between any two nodes in the set.
b Giant weakly connected component: the largest set of nodes for which all nodes are accessible to each other, regardless of the path direction.
again breaks down when cattle weights are considered. The
strength of connection in these networks eliminates any
isolated nodes in the network with all of the nodes belong-
ing to the GWCC and only one node, New Jersey, was not
included in the GSCC at the state scale due to a lack of data.
3.3. Node metrics
Owing to the similarity in our networks at the county
and 50 km grid scales as well as at the state and 500 km
grid scales, we will only present node metrics for the more
familiar county and state scales. Results for the 50 km and
500 km grid networks can be found in Appendix D.
At the county scale, most shipments were destined for
the central plains states with these regions having the high-
est in-degree nodes in the network (Fig. 4A). These same
regions were still involved with cattle exports as well,
but the nodes with the highest out-degree were shifted
to the northwest (Fig. 4B). The shift in spatial distribu-
tion between in-degree and out-degree was mirrored by
a relatively weak correlation between the two  measures
(Table 3). When movements were weighted by the num-
ber of cattle, the network showed similar patterns due
to the high predictability of weighted in- and out-degree
(i.e., number of cattle imported and exported) from the
in- and out-degree weighted by number of shipments
(Fig. 5). Betweenness centrality was similar to that of both
in-degree and out-degree (Fig. 4C). Counties with high
shipping activity, whether it was imports or exports, had
high betweenness verified by the high correlation between
both in- and out-degree and betweenness (Table 3). Con-
versely, closeness centrality showed no apparent spatial
pattern (Fig. 4D). Across the U.S., a county’s closeness
was relatively constant and had a weaker relationship
with in- and out-degree than betweenness centrality
(Table 3).
At the state scale, most shipments were destined for
the central plains states, with these states having the high-
est in-degree nodes in the network (Fig. 6A). In contrast to
the county scale, in-shipments at the state scale are much
more homogeneous across the U.S. Similar to the county
network, we  found a general shift in the sending centers
to more northern states, but outgoing shipment behav-
ior is still fairly homogeneous at the state scale (Fig. 6B).
Although sending and receiving hubs were not identical,
a state’s in-degree and out-degree were highly correlated
(Table 3). State-level betweenness centrality exhibited a
pattern that was significantly different than in- and out-
degree with New York, Texas, and Pennsylvania having the
largest betweenness (Fig. 6C). At the state scale, between-
ness pointed to network structure that is not well described
by in- or out-degree and exhibited smaller correlation with
these measures than at the county scale (Table 3). Closeness
centrality, again, showed no spatial pattern (Fig. 6D).
Fig. 3. County membership in both the GSCC and the GWCC (dark blue), GWCC only (light blue), or neither (black; isolated from the GWCC) shown both
(A)  geographically and (B) in network space. Counties for which there are no data are given in gray.
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Fig. 4. Maps of (A) in-degree, (B) out-degree, (C) betweenness, and (D) closeness for the county scale network.
3.4. NASS comparison
The regression model that best explained the relation-
ship between the proxy of farm numbers sampled from
the ICVI data was the full model including the explanatory
variables: NASS farm count, state, state border factor, and
all interactions (2 = 1699.6, df = 91, P < 0.01). Nine states
had greater than the mean ICVI farm count proxy (ˇ2;
Table E1): Iowa, Kansas, Minnesota, Montana, Nebraska,
New Mexico, Oklahoma, Oregon, and Wyoming. Five states
had lower than mean ICVI farm count proxy (ˇ2; Table E1):
Kentucky, Michigan, North Carolina, Virginia, and West Vir-
ginia. There was not an overall relationship between ICVI
farm count proxy and NASS census farm count (ˇ1 = 0.001,
95% Confidence Interval (CI) = [−0.002, 0.003]), but a pos-
itive interaction between NASS farm count was identified
in 19 states (ˇ(1,2); Table E1): Arizona, California, Colorado,
Georgia, Iowa, Idaho, Kentucky, Massachusetts, Michi-
gan, Montana, North Carolina, North Dakota, Nebraska,
New York, South Dakota, Tennessee, Utah, Virginia, and
Washington. There was not an overall significant effect of a
county bordering a state boundary (ˇ3 = 0.04, 95% CI [−0.43,
1.23]) and a single state showed a negative interaction of
bordering a state boundary and ICVI farm count proxy,
North Carolina (ˇ(2,3),NC = −1.65, 95% CI [−3.29, −0.15]).
Overall, there was no effect of state boundary on the
slope of the relationship between NASS census farm count
and ICVI farm proxy count (ˇ(1,3) = −1.41, 95% CI [−1.74,
0.001]). There was a weak but significantly positive three-
way  interaction between the effect of a county bordering
a state boundary, the slope of the relationship between
ICVI farm proxy and NASS farm census in 3 states: Illinois
(ˇ(1,2,3),IL = 3.6 × 10−3, 95% CI = [4.9 × 10−4, 6.7 × 10−3]),
North Carolina (ˇ(1,2,3),NC = 3.7 × 10−3, 95% CI = [2.7 × 10−4,
7.4 × 10−3]), and Oregon (ˇ(1,2,3),OR = 2.5 × 10−3, 95% CI
[4.9 × 10−4, 4.4 × 10−3]).
3.5. Network correlations with NASS census of cattle
infrastructure
There were few strong correlations between node
(county) network metrics and county-level summaries
of cattle infrastructure and inventory for the 2007 NASS
census (Table 4). The strongest correlation was between
in-degree and the number of cattle on feed (Table 4), and
this correlation appeared to be restricted to incoming cattle
Table 3
Correlations between node metrics at the county and state scales.
County State
In-degree Out-degree Between Close In-degree Out-degree Between Close
In-degree 1 0.342 0.712 0.486 1 0.666 0.440 0.585
Out-degree 1 0.612 0.547 1 0.480 0.732
Betweenness 1 0.430 1 0.667
Closeness 1 1
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Fig. 5. County scale relationship between (A) the number of cat-
tle  imported (cattle-weighted in-degree) and the number of imports
(shipment-weighted in-degree) and (B) the number of cattle exported
(cattle-weighted out-degree) and the number of exports (shipment-
weighted out-degree).
shipments, as there was  weak correlation between out-
degree and number of cattle on feed (Table 4 and Fig. 7).
Although correlations were generally low, count metrics
predicted network structure better than density metrics,
and cattle inventory was always a better predictor of net-
work structure than farm number (Table 4). Additionally,
in most cases, cattle infrastructure was  a better predictor of
in-degree, but cow–calf inventory and operations appeared
to be more associated with a node’s out-degree (Table 4).
4. Discussion
ICVIs, to this point, have primarily been used for to
ensure state animal health requirements are met. Here,
we co-opted the utility of ICVIs for tracing individual ship-
ments to obtain a sample of the interstate cattle movement
network in the U.S. This work represents one of the first
truly comprehensive studies of national-level cattle ship-
ment contents and spatial patterns in the U.S. by describing
shipment patterns at a county resolution; enhancing previ-
ous efforts at summarizing interstate U.S. cattle movement
(i.e., Shields and Mathews, 2003). The interstate nature of
the data restricts the direct inferences we  can make about
cattle transports within state boundaries; however, such a
data-driven and nation-wide characterization of interstate
cattle movement has been notably lacking for disease risk
prevention, surveillance, and control (NRC, 2012).
Shipment characteristics derived from the ICVIs quali-
tatively matched with the conventional wisdom about the
U.S. cattle industry. The frequency of relatively small ship-
ments we observed matched the large proportion of cattle
holdings in the U.S. with fewer than 100 head of cattle
(90.4% of beef farms, USDA, 2011; 76.7% of dairy farms,
Fig. 6. Maps of (A) in-degree, (B) out-degree, (C) betweenness, and (D) closeness for the state scale network.
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Table 4
Pearson’s correlation coefficients between county-scale network metrics and county-level cattle industry characteristics from the 2007 NASS farm census.
Numbers in brackets give the 95% confidence interval based on 1000 bootstrap replicates.
NASS data category Node (county) network statistic
In-degreea Out-degreea Betweenness Closeness
Farm count
Total 0.05 [0.01, 0.10] 0.15 [0.11, 0.19] 0.15 [0.11, 0.22] 0.22 [0.19, 0.26]
Operations with animals on feed 0.27 [0.19, 0.37] 0.13 [0.05, 0.21] 0.25 [0.13, 0.34] 0.22 [0.19, 0.25]
Operations with cows that calved 0.02 [−0.02, 0.06] 0.13 [0.10, 0.18] 0.12 [0.07, 0.19] 0.21 [0.17, 0.24]
Cattle  inventory
Total 0.52 [0.43, 0.63] 0.32 [0.27, 0.39] 0.42 [0.34, 0.55] 0.48 [0.42, 0.54]
Animals  on feed 0.64 [0.52, 0.74] 0.15 [0.08, 0.25] 0.41 [0.30, 0.53] 0.30 [0.26, 0.34]
Cows  that calved 0.21 [0.15, 0.28] 0.29 [0.25, 0.36] 0.24 [0.17, 0.37] 0.38 [0.32, 0.46]
Farm  density per km2
Total −0.05 [−0.08, −0.02] 0.01 [−0.02, 0.04] 0.03 [0.00, 0.06] 0.03 [0.00, 0.07]
Operations with animals on feed 0.20 [0.12, 0.28] 0.05 [−0.02, 0.13] 0.15 [0.05, 0.25] 0.14 [0.10, 0.18]
Operations with cows that calved −0.08 [−0.10, −0.05] 0.00 [−0.03, 0.03] 0.01 [−0.02, 0.05] 0.02 [−0.02, 0.06]
Animals density per km2
Total 0.48 [0.39, 0.55] 0.20 [0.14, 0.28] 0.33 [0.26, 0.39] 0.41 [0.38, 0.44]
Animals  on feed 0.59 [0.49, 0.68] 0.11 [0.05, 0.22] 0.33 [0.21, 0.44] 0.29 [0.26, 0.33]
Cows  that calved 0.10 [0.07, 0.13] 0.15 [0.12, 0.20] 0.14 [0.11, 0.20] 0.26 [0.23, 0.29]
a Weighted by number of shipments.
USDA, 2008). Not only did the shipment size distribution
reflect the farm size distribution, but shipment volumes
by production type mirrored standing cattle populations.
We found a roughly 3-to-1 ratio of beef to dairy shipments
amongst the shipments that could be identified to this level.
Fig. 7. Correlation between the county-level ICVI shipment weighted net-
work in-degree (A) and out-degree (B) and the inventory of cattle on farms
with feeding operations from the 2007 NASS farm census.
This ratio is close to the 25 million to 9 million beef/dairy
cattle ratio reported in the 2007 NASS farm census. Addi-
tionally, many ICVIs were issued for feeding shipments and
contained a large number of young animals and castrated
males underscoring the central role the feedlot system
plays in the U.S. cattle industry, similar to the patterns pre-
sented in the previous coarse-grained description of U.S.
cattle transports presented by Shields and Mathews (2003).
Thus, we  conclude that we  have a representative sample
that reflects true patterns of interstate cattle transport in
the U.S. cattle industry.
Spatial representation of the interstate cattle movement
network highlighted the feedlot system. Cattle destinations
(in-degrees) were greatest in states with traditionally large
feeding infrastructure in the central plains states, and there
was  a positive correlation between network in-degree and
the inventory of feeding cattle per county (Fig. 7A). Exports,
however, were shifted to the northern plains and moun-
tain states and were generally more dispersed with cattle
moving to the central plains states from across the coun-
try (Fig. 5A and B). However, these general patterns at the
state scale overlook heterogeneities that become appar-
ent at the county scale. Notably, state-level importance is
often due to the influence of a small number of hub coun-
ties within the state, and many counties that have high
node centrality (e.g., in- and out-degree), as well as net-
work centrality (e.g., betweenness), are in states with low
centrality (Figs. 4 and 6). We  conclude that quantifying
interstate movements on the county scale captures hetero-
geneities in the interstate cattle movement network that
are homogenized when the network is viewed at the state
scale. This is an important distinction for disease modeling
because models that consider movement at a state scale
are unlikely to identify the heterogeneities, represented by
the few high-centrality counties, among state-level nodes
that are critical for surveillance or control actions.
The central hub structure of the U.S. cattle industry at
the county-scale is apparent in the ICVI sample with nearly
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two-thirds of the counties present in the sample belonging
to the GSCC and with almost all of the counties observed
on the ICVIs linked through the GWCC (Table 2, Fig. 3).
Thus, we observed a core of nodes (counties) that are capa-
ble of both sending and receiving to one another, as well
as satellite nodes that send cattle into the network core
(Fig. 3B). The connectance within the core, however, is
not determined by simple out and back movements. The
county network’s low reciprocity indicates that these types
of movements were rare, and it took a maximum of 12 links
to reach the most distant counties (in network space). Thus,
despite the central geography of the feedlot system, often-
times relationships between nodes are more circuitous
than might be expected within the unique structure of the
U.S. cattle industry.
Despite the recognition of the hub structure of the
county network, the determinants of node importance
were unclear with several potential factors that could influ-
ence network structure. First, immense heterogeneities in
county and state size in the U.S. created the potential for
large counties and states to play disproportionate roles in
the network because they contain more sources and desti-
nations of shipments (Flowerdew et al., 2008). For example,
in the conterminous U.S., the largest county by area (San
Bernadino, California) is larger than each of the 8 small-
est states by area and has more cattle than each of the
12 states with fewest cattle (NASS 2007). To address this
issue, we created approximations to equally-sized county
and state networks, the 50 and 500 km grid networks. We
found no evidence to support the hypothesis that the het-
erogeneity in geographic size of the nodes influenced node
importance. Our networks with nodes defined by regular
grids of equal area (no heterogeneity) exhibited similar pat-
terns and structure to the actual county and state networks.
However, we did find that large differences in geographic
size of the nodes across spatial scales, represented by the
county vs. state scales, influenced the network structure
(Table 2). Based on the available data for interstate cat-
tle movements, we found no evidence for the influence
of node size heterogeneity on network structure, and we
view the county and state scales as appropriate bound-
aries for national management, recognizing the effect of
absolute node size (i.e., the state scale homogenizes node
heterogeneity vs. the county scale) on network structure.
In addition to size heterogeneities, the number of farms
within a county may  impact node importance in the net-
work. We  tested the naïve assumption that the number of
origin and destinations of interstate movements was  posi-
tively associated with the number of farms in a county (per
NASS census) and found no overall association across the
U.S. However, we did find a positive association between
the number of farms in a county per the NASS census and
the proxy for the number of farms as origins or destina-
tions of interstate shipments within 19 states, although the
magnitude of these associations was consistently smaller
than the association expected under a 10% sample (i.e.,
ˇ(1,2),j = 0.1; Table E1). Thus, farm census data is not a
good predictor of shipment behavior, and consequently,
more details about the cattle industry are necessary to
explain how individual counties are involved in inter-
state cattle movements. Attempts to explain the variation
using production types (i.e., beef-feeding, beef-breeding,
dairy-feeding, and dairy-breeding) were inconclusive due
to overlapping network structures for some production
types and the lack of shipments in each network relative
to the number of nodes (Appendix F). We  also calcu-
lated correlations between county-level network metrics
and county-level animal numbers broken down by those
animals that are feeding and those that are on breeding
operations (i.e., cow-calf; Table 4). We  found that the num-
ber of premises with feeding animals and the number of
animals on feed were the only meaningful predictors of
node in-degree suggesting an aggregating effect of feedlots.
These same measures were less strongly associated with
node betweenness and out-degree. We  speculate that more
specific information on the types of infrastructure found
at both the origin and destination counties, such as mar-
kets or abattoirs, will explain much of the variation we  did
not capture (Bigras-Poulin et al., 2006; Natale et al., 2009);
although this level of detailed premises information is not
systematically available on ICVIs (Portacci et al., 2013).
Even with the unique feeding structure in the U.S., the
interstate U.S. county network is similar in many ways to
farm-level livestock networks in other countries. In partic-
ular, the relatively large GSCC and low transitivity observed
in interstate U.S. cattle movements at the county scale
is similar to that observed in sheep movement networks
United Kingdom (Kao et al., 2006; Kiss et al., 2006). Given
the importance of animal transports in the 2001 Foot-
and-Mouth disease epidemic in the U.K. (Kao et al., 2006),
large-scale epidemics in the U.S. cattle industry are a justifi-
able concern. However, identifying counties important for
disease spread is not as straightforward as in the U.K. sheep
movement network, where a high correlation between a
node’s in- and out-degree allows the use of first order net-
work structures to assign potential importance in disease
spread. Instead, the interstate U.S. cattle movement net-
work exhibits a correlation between in- and out-degree
that is more similar to cattle movement networks in Italy,
where control policies based on a node’s betweenness were
found to be reasonably effective at reducing simulated dis-
ease spread (Natale et al., 2009). Similarly, betweenness
has also been found to be important in predicting disease
outcomes based on U.K. cattle movement networks (Ortiz-
Pelaez et al., 2006) and identifying market hubs where in-
and out-degree are more strongly correlated (Robinson and
Christley, 2007). Betweenness is useful as a higher order
metric in that it quantifies a node’s role in the flow of cat-
tle through the network as a whole, thus capturing more
global structure than degree centrality. This difference was
observed at the state scale where betweenness identi-
fied hubs that were not seen when considering imports
or exports alone (Fig. 5). ICVIs allow complex networks of
movements to be built and patterns of animal transports
to be discovered beyond primary state-to-state trading
partners. Thus, the benefits of understanding the higher
order properties of the network, especially betweenness,
point to the untapped potential of ICVI data to understand
and inform policy decisions regarding interstate U.S. cattle
movement.
While we  advocate the utility of the ICVI data, it does
have limitations in its scope of inference for use at the
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national scale to help manage diseases. Although we did
sample some intrastate movement, ICVIs are designed to
capture interstate movement. Thus, our network’s strength
lies in capturing the long-distance tail of U.S. cattle ship-
ments. These global processes are often missing from other
network studies, and although we lack the data to describe
local movement processes for a more complete under-
standing of U.S. cattle movement, methods have been
developed to bridge this gap (Lindström et al., 2013). We
also acknowledge that our network is limited to a static pic-
ture of one year of movement from a sample of ICVI records.
This limitation underscores the need for a wider availability
of ICVIs (or other comparable systematic electronic cat-
tle transport data) to enable study of the changes in the
structure of the cattle network across years and the effect
of sampling on network structure. We  also hypothesized
that proximity to a state boundary could bias our charac-
terization of cattle shipments because the proximity to a
state boundary may  make moving cattle interstate (thus
requiring an ICVI) more likely. However, we found little
evidence to support this hypothesis and consider our char-
acterization based on the ICVI sample to be representative
of the cattle operations that move cattle interstate, regard-
less of the uncertainty as to what characteristics underlay
the shipment patterns (Table 4).
5. Conclusions
Understanding cattle movements at the national scale
can have far reaching implications for disease response
planners and is one of the most important applications of
the network analysis of this novel data set. Identification
of nodes that are highly connected can be used to develop
targeted surveillance programs, and these nodes may  also
indicate locations where movement controls can be imple-
mented in the event of a disease outbreak. Viewing the U.S.
interstate cattle movement network at the state scale has
the potential to homogenize the network but some dis-
ease outbreaks may  require coarse grained surveillance
and control making the state scale a necessary compo-
nent of long-term disease management strategies. Disease
simulation models can be used in conjunction with this net-
work model to evaluate emergency mitigation options for
highly infectious diseases in cattle. In addition, a network
modeling approach can also be used to extend inference
to unobserved cattle movements and quantify uncertainty
for applications of the ICVI data sample (Lindström et al.,
2013), as well as explain and understand disease spread
for endemic diseases by evaluating the risk factors associ-
ated with movements from and to geographic regions and
cohorts of cattle.
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